ABSTRACT Lymphocyte function-associated antigen-1 (LFA-1) and macrophage-1 antigen (Mac-1) and their counterreceptors such as intercellular cell adhesion molecules (ICAM-1 and ICAM-2), junctional adhesion molecules (JAM-A, JAM-C), and receptors for advanced glycation end products (RAGE) are crucial for promoting polymorphonuclear leukocyte (neutrophil, PMN) recruitment. The underlying mechanisms of ligand-specific bindings in this cascade remain incompletely known. We compared the dynamic force spectra for various LFA-1/Mac-1-ligand bonds using single-molecule atomic force microscopy (AFM) and tested their functions in mediating PMN recruitment under in vitro shear flow. Distinct features of bond rupture forces and lifetimes were uncovered for these ligands, implying their diverse roles in regulating PMN adhesion on endothelium. LFA-1 dominates PMN adhesion on ICAM-1 and ICAM-2, while Mac-1 mediates PMN adhesion on RAGE, JAM-A, and JAM-C, which is consistent with their bond strength. All ligands can trigger PMN spreading and polarization, in which Mac-1 seems to induce outside-in signaling more effectively. LFA-1-ICAM-1 and LFA-1/ Mac-1-JAM-C bonds can accelerate PMN crawling under high shear stress, presumably due to their high mechanical strength. This work provides new insight into basic molecular mechanisms of physiological ligands of β2 integrins in PMN recruitment.
INTRODUCTION
Polymorphonuclear leukocyte (neutrophil, PMN) recruitment from blood circulation to the sites of infection or sterile injury, where PMNs exhibit numerous effector functions such as phagocytosis, degranulation, and release of neutrophil extracellular traps (NETs), is the first line of host defense against invading pathogens and tissue injury (Zarbock and Ley, 2009; Robert et al., 2013; Voisin and Nourshargh, 2013; Lyck and Enzmann, 2015) . The conventional PMN recruitment cascade is a multistep process including capture (or tethering), rolling, slow rolling, arrest (firm adhesion), adhesion strengthening and spreading, intraluminal crawling, and paracellular or transcellular transmigration (Ley et al., 2007; Zarbock and Ley, 2009) . In addition to selectin-mediated capture and rolling, two β2 integrin members, lymphocyte function-associated antigen-1 (LFA-1, α L β 2 , CD11a/CD18) and macrophage-1 antigen (Mac-1, α M β 2 , CD11b/CD18), and their counterreceptors are crucial in promoting the following steps of the PMN recruitment cascade (Ley et al., 2007; Zarbock and Ley, 2009; Lyck and Enzmann, 2015) . LFA-1 and Mac-1 are αβ heterodimeric transmembrane glycoproteins expressed on PMNs. Besides their common endothelial ligands of intercellular cell adhesion molecules (ICAM-1 and ICAM-2), additional counterreceptors of junctional adhesion molecules (JAM-A and JAM)-C and receptors for advanced glycation end products (RAGE) are also identified as LFA-1 or Mac-1 ligands on endothelial cell surfaces (Ostermann et al., 2002; Chavakis et al., 2003 Chavakis et al., , 2004 ; Gorina adhesion, crawling, and transmigration under external forces. Although bond lifetimes and forced activation of LFA-1-ICAM-1 bindings (Chen et al., , 2012 Evans et al., 2010; Kinoshita et al., 2010) , dynamic strength of LFA-1-ICAM-1, LFA-1-ICAM-2, or Mac-1-ICAM-1 interactions (Zhang et al., 2002; Wojcikiewicz et al., 2006; Yang et al., 2007) , and binding kinetics of LFA-1-ICAM-1 and Mac-1-ICAM-1 complexes (Zhang et al., 2005; Fu, Tong, et al., 2011; Li et al., 2013) have been extensively investigated, much less is known for mechanical strength or kinetic rates of other LFA-1/Mac-1-ligand interactions. Moreover, PMN adhesion, crawling, and transmigration are mechanically sensitive at cellular level since blood flow varies from one to another tissue. For example, shear stress regulates leukocyte adhesion (Simon and Green, 2005) , induces activation and cleavage of β2 integrins during PMN migration (Makino et al., 2007) , triggers guanine nucleotide exchange factor (GEF)-H1-dependent spreading and crawling of PMNs (Fine et al., 2016) , and promotes lymphocyte transmigration (Cinamon et al., 2001) . Thus, it is necessary to coordinate molecular mechanical forces and binding kinetics with cellular functions for resting or activated PMN recruitment.
In the current study, we elucidated the force spectroscopy of various β2 integrin-ligand bonds in different LFA-1 and Mac-1 activation states using single-molecule atomic force microscopy (AFM). Force dependence of bond lifetimes was also determined to compare the abilities of these multiple types of bonds to resist external forces. We further tested whether the respective ligand-specific binding of LFA-1 and Mac-1 could mediate adhesion or initiate PMN spreading, polarization, and crawling under shear flow. Ligandspecific dependence of forced PMN recruitment and its underlying molecular mechanisms are also discussed.
RESULTS

Dynamic force spectrum for LFA-1 and Mac-1 binding to respective ligands
Direct measurements of molecule adhesion and bond rupture forces between human LFA-1 or Mac-1 and their respective ligands were conducted at given parameter setting ( Figure 1 , A-C). Here the adhesion probability, P a , was measured with allosterically inhibitory monoclonal antibody (mAb) TS1/18 ( Figure 1D ) or Mn 2+ ( Figure 1E ) to mimic their respective conformation and function of low-or highaffinity β2 integrins (Lu et al., 2001; Kong et al., 2009; Xie, Zhu, et al., 2010) . Since Mn 2+ can enhance LFA-1 or Mac-1 binding activity (Lu et al., 2001) , 10-fold lower ligand-coating concentration was used for the tests in Mn 2+ in order to maintain a similar level of P a . The adhesion frequencies of LFA-1-RAGE and Mac-1-RAGE are extremely high compared with other ligands, and therefore the coating concentration of RAGE was further reduced 10-fold. A 16.3-36.7% P a is observed when LFA-1-or Mac-1-coated tips contact their ligands but the adhesion is significantly abrogated to 1.2-12.9% in the presence of LFA-1 or Mac-1 blocking mAbs (Figure 1, D and E) . These data demonstrate that the observed adhesion is specifically mediated by the bindings between LFA-1/Mac-1 and their ligands. Moreover, all ligands are found to present direct interactions with both LFA-1 and Mac-1.
We next measured the dependence of bond rupture forces on varied retraction velocities (corresponding loading rate ranging from 3171-114,852 pN/s). In all the measurements, an adhesion frequency of <36.7% ensures that there is a >78.9% probability that the adhesion is achieved by single-bond events with Poisson distribution statistics (Tees et al., 2001) . Experimentally, 65 ± 1% of adhesive events are mediated by a single LFA-1/Mac-1-ligand bond in all cases observed from the force-displacement curves ( Figure 1C ), which is similar to the theoretical prediction. Force histograms of et Lyck and Enzmann, 2015) . JAM-A has a direct interaction with LFA-1 but not with Mac-1 (Ostermann et al., 2002) , while JAM-C and RAGE bind to Mac-1 but not LFA-1 (Chavakis et al., 2003 (Chavakis et al., , 2004 . Thus, it is physiologically relevant to elucidate the ligand-specific functions of β2 integrins in PMN recruitment.
A body of evidence suggests that PMN recruitment is tissue-and stimulus-specific, mainly depending on expression and function of β2 integrins and their diverse ligands (also seen in the summaries in Supplemental Table 1 ; Ostermann et al., 2002; Chavakis et al., 2003 Chavakis et al., , 2004 Shaw et al., 2004; Aurrand-Lions et al., 2005; Pullerits et al., 2006; Orlova et al., 2007; Sircar et al., 2007; Menezes et al., 2009; Frommhold et al., 2010; McDonald et al., 2010; Woodfin et al., 2010; Li et al., 2012; Jenne et al., 2013; Robert et al., 2013; Gorina et al., 2014; Halai et al., 2014) . On one hand, LFA-1 and Mac-1 present distinct functions in different tissues with their respective ligands. For example, time-lapse cinematography within postcapillary venules in cremaster muscle reveals that LFA-1 and Mac-1 play distinct and sequential roles in MIP-2-triggered PMN recruitment cascade, in which LFA-1 mediates initial adhesion whereas Mac-1 is required for intraluminal crawling (Robert et al., 2013) . However, LFA-1-ICAM-1 and Mac-1-RAGE interactions can also work cooperatively in mediating trauma-induced leukocyte adhesion, crawling, and transmigration in cremaster muscle venules (Frommhold et al., 2010) . In locally fMLF-stimulated hepatic sinusoids, Mac-1 is dominant in PMN adhesion and crawling, while LFA-1 only affects crawling velocity slightly. In contrast, Mac-1 is selectively down-regulated via IL-10 in systemically LPS-induced inflammation, leading to integrinindependent, CD44-dependent hepatic PMN recruitment (Menezes et al., 2009) . On the other hand, the same ligand of β2 integrins works differentially under various physiological stimuli. For instance, ICAM-2 is required for IL-1β-, but not for MIP-2-induced PMN crawling in cremaster muscle microcirculation (Robert et al., 2013; Halai et al., 2014) . JAM-A contributes to LFA-1-mediated transmigration of PMNs triggered by CXCR2 on human umbilical vein endothelial cells (HUVECs) stimulated with TNF-α and IFN-γ under shear flow in vitro (Ostermann et al., 2002) , but does not participate in emigration of PMA-stimulated PMNs on TNF-α-activated HUVECs (Shaw et al., 2004) . Mac-1-JAM-C binding is involved in PMN transendothelial migration toward MCP-1 but not in PMA-stimulated PMN-endothelial adhesion in a static assay in vitro (Chavakis et al., 2004) . While JAM-C has no effect on PMN adhesion and transmigration on HUVECs under flow in vitro (Sircar et al., 2007) , JAM-C overexpression raises PMN adhesion and transmigration through IL-1β-stimulated cremasteric venules in vivo (Aurrand-Lions et al., 2005) . These seemingly controversial observations of PMN recruitment may stem from tissue-and stimulus-specific interactions between LFA-1 or Mac-1 and their multiple ligands, in which mechanical strength (rupture force) and binding kinetics (on-or off-rate and affinity) of these receptor-ligand interactions, together with molecular expression and distribution, govern how strongly the interacting PMNs remain adhered on and how fast the cells crawl over and transmigrate across the endothelium under blood flow.
LFA-1 and Mac-1 can adjust their conformations with different mechanical strengths and binding affinities to their ligands: lowaffinity bent conformation with closed headpiece, intermediateaffinity extended conformation with closed headpiece, and highaffinity extended conformation with open headpiece (Luo and Springer, 2006; Lyck and Enzmann, 2015) . Single-molecule force spectroscopy of ligand-specific binding of LFA-1 and Mac-1 with different activation states is important in unraveling the underlying mechanisms of PMN recruitment, since bond formation and dissociation of β2 integrin/ligand binding are prerequisite for PMN those single bonds exhibit a single peak at each loading rate, fit well with Eq. 2 (see AFM assay; Evans and Ritchie, 1997) , and shift toward the higher values with increased loading rates ( Figures 1F and 2 ). Mean rupture forces of individual LFA-1/Mac-1-ligand bonds display a linear increase with the logarithm of loading rates ( Figure 3A) , which is consistent with dynamic force spectroscopy (DFS) theory (Evans and Ritchie, 1997; Lü et al., 2006; Zhang et al., 2008) . The significant differences in force data in Figure  3A were analyzed with two-way ANOVA (followed by a Holm-Sidak test) and summarized in Supplemental Table 2 . Since Mn 2+ -activation can up-regulate bond mechanical strength Chen et al., 2012) of LFA-1/Mac-1-ligand interactions, the expected augment of rupture forces ( Figure  3A , Supplemental Table 2 ) are observed in most cases. The difference in mean rupture forces at each loading rate between lowand high-affinity β2 integrins is 56.1 ± 4.1, 37.7 ± 2.0, 17.7 ± 3.1, 37.4 ± 4.3, and 34.0 ± 5.9 pN for LFA-1-ICAM-1, -ICAM-2, -RAGE, -JAM-A, and -JAM-C bonds, or yields 18.0 ± 2.6, 20.0 ± 0.8, 25.2 ± 4.2, 11.5 ± 1.4, and 32.0 ± 2.8 pN for Mac-1-ICAM-1, -ICAM-2, -RAGE, -JAM-A, and -JAM-C complexes, suggesting a more effective impact of Mn 2+ -activation on LFA-1-ICAM-1, LFA-1-ICAM-2, LFA-1-JAM-A, LFA-1-JAM-C, and Mac-1-JAM-C bindings (force difference > 30 pN) than on the others (force difference < 30 pN). No matter whether β2 integrin is activated or not, the mechanical strength of LFA-1-ICAM-1/ICAM-2 complexes is significantly stronger than that of Mac-1-ICAM-1/ ICAM-2 complexes, while Mac-1-RAGE/ JAM-C bonds undergo greater external forces than LFA-1-RAGE/JAM-C bonds. Specifically, the bond strength of the LFA-1-JAM-A pair is less at low-affinity conformation but greater at high-affinity conformation than that for the Mac-1-JAM-A pair, since Mn 2+ -activation seems more impactful for of different ligands to mediate PMN adhesion under shear flow (Figure 4 ). Here we used mouse bone marrow (BM)-derived PMNs because of their greater availability and lesser individual difference than for human subjects. The interactions of mouse LFA-1-ICAM-1 bonds are also stronger than that of Mac-1-ICAM-1 bonds, whether the β2 integrins are activated or not, suggesting similar patterns of LFA-1/Mac-1-ligand bond strengths between mouse and human species (Supplemental Figure 2 ; Figure 3A) .
Resting or fMLF-activated PMNs were allowed to adhere to various ligands for 5 min without flow, washed at a wall shear stress of τ w = 1 dyn/cm 2 for 1 min, and counted for those cells undergoing firm adhesion. All ligands are able to induce firm adhesion for resting or activated PMNs (Figure 4) . Specifically, PMN adhesion on ICAM-1 and ICAM-2 is mainly LFA-1-dependent, while Mac-1 dominates PMN adhesion on RAGE, JAM-A, and JAM-C, which is consistent with their rupture forces in most cases ( Figure 3A ). Most LFA-1 or Mac-1 molecules remain a low-affinity conformation on resting PMNs (Luo and Springer, 2006) . While the expression of Mac-1 (but not of LFA-1) is up-regulated after fMLF stimulation via translocation of Mac-1-containing granules up to cell membranes (Supplemental Figure 3 ), most of LFA-1s and 10% of Mac-1s are switched to a high-affinity conformation (Diamond and Springer, 1999; Lum et al., 2002) .
ICAM-1 is the most effective ligand for mediating PMN adhesion, mainly due to the high bond strength of LFA-1-ICAM-1 pairs ( Figure 3A ; Supplemental Figure 1 ). Even resting PMNs can nearly all adhere to ICAM-1-coated substrates in flow chamber tests (Supplemental Figure 4) , and thereby fMLF activation cannot further raise the number of adherent PMNs (from 62 ± 3 to 64 ± 3, p = 0.301). LFA-1-ICAM-1 and Mac-1-ICAM-1 interactions mediate specific adhesion of resting PMN cooperatively ( Figure 4A ), but, after fMLF activation, the bond strength for high-affinity LFA-1 is sufficient to mediate PMN adhesion alone, and hence Mac-1 blocking cannot reduce adhesion ( Figure 4B ). LFA-1, but not Mac-1, can mediate resting PMN adhesion on ICAM-2 ( Figure 4A ). After fMLF activation, the adherent PMNs on ICAM-2 are significantly increased (from 48 ± 2 to 60 ± 2, p < 0.001) ( Figure 4B ), but the impact of Mac-1-ICAM-2 bonds still cannot compare with that of LFA-1-ICAM-2 bonds because of their lower mechanical strength ( Figure  3A ). It should be noticed that Mac-1 blocking increases moderately fMLF-activated PMN adhesion on ICAM-1 but reduces the adhesion on ICAM-2 ( Figure 4B ), possibly due to the greater difference of mechanical strength between LFA-1-and Mac-1-ICAM-1 bonds than between LFA-1-and Mac-1-ICAM-2 bonds. The increased LFA-1-ICAM-1 bonds due to Mac-1 blocking can enhance the magnitude of PMN adhesion, while the augmented LFA-1-ICAM-2 bonds may not be sufficient to compensate for the loss of Mac-1-ICAM-2 interactions. When both LFA-1 and Mac-1 were blocked, the fMLF-activated PMN adhesion was significantly abrogated to 16 ± 1 and 7 ± 0 (adherent PMNs/FOV) on ICAM-1 and ICAM-2, indicating that Mac-1 also plays a role in PMN adhesion. Although the LFA-1-JAM-A pair. To evaluate the ligand specificity of LFA-1/ Mac-1-ligand interactions, the rupture forces in Figure 3A were normalized and compared among various ligands (Supplemental Figure  1) . The bond strength of LFA-1-ICAM-1 and LFA-1/Mac-1-JAM-C pairs is significantly higher than that of the others, especially after Mn 2+ -activation. All the data ( Figure 3A ) were further fitted with DFS theory (Eq. 3; see AFM assay) and the parameters so predicted are summarized in Supplemental Table 3 . The equilibrium off-rate k off 0 and reactive compliance a that characterize the spontaneous force-free dissociation and the width of the energy well of the LFA-1/Mac-1-ligand bond were substituted into Eq. 1 and then used to obtain linear dependence of the logarithm of lifetimes (1/k off ) on applied external forces ( Figure 3B ). Alternatively, those force-dependent bond lifetimes were transformed directly from the variance of rupture force distribution measured at different loading rates by Eq. 4 ( Figure 3C ) (Dudko et al., 2008) , which fits the Bell model well, as expected (lines in Figure 3C ). The lifetime values calculated by the two methods are quite similar, and, more importantly, the forcedependent lifetimes (Figure 3 , B and C) of various LFA-1/Mac-1-ligand bonds follow an order consistent with rupture forces ( Figure  3A ). For example, the lifetimes of LFA-1-ICAM-1 complexes are longer than those of Mac-1-ICAM-1 complexes, while LFA-1-JAM-C bonds are more transient than Mac-1-JAM-C bonds. Therefore, high rupture forces of LFA-1/Mac-1-ligand bonds can give rise to long lifetimes.
PMN adhesion mediated by LFA-1/Mac-1-ligand interactions
To better understand the physiological roles of ligand-specific β2 integrin binding in PMN recruitment, we next compared the abilities which is consistent with the low bond strength and high binding activity of LFA-1/ Mac-1-RAGE interactions (Supplemental Figure 1) . Mac-1-RAGE binding is effective to mediate most and all PMN adhesion in resting and activated states, respectively, because of its higher rupture forces than the LFA-1-RAGE pair ( Figure 3A) . The capability of JAM-A to mediate PMN adhesion is lowest among all ligands (Figure 4 ) mainly due to the low bond strength of LFA-1/Mac-1-JAM-A interactions (Supplemental Figure  1) . Here Mac-1 plays a major role in JAM-Adependent adhesion of resting or activated PMNs (Figure 4) . For resting PMNs, the bond strength for low-affinity LFA-1 is weaker than that for low-affinity Mac-1 ( Figure 3A) , and therefore LFA-1 blocking can increase adhesion probably by raising more Mac-1-JAM-A bonds instead ( Figure  4A ). For activated PMNs, however, the increased Mac-1-JAM-A interactions may equalize the reduced mechanical strength by LFA-1 blocking, so that no significant difference is seen between control and LFA-1 blocking group ( Figure 4B ). The capability of JAM-C to mediate adhesion of resting PMNs is quite low and similar to JAM-A ( Figure 4A ) despite of the high rupture forces observed ( Figure 3A ), while this capability can be significantly enhanced after fMLF stimulation (from 39 ± 2 to 55 ± 2, p < 0.001) ( Figure 4B ). Collectively, these data indicate that the capability of LFA-1/Mac-1-ligand to mediate PMN adhesion is directly related to their bond strength.
PMN spreading, polarization, and intraluminal crawling on various ligands
In addition to their adhesive functions, ligand-specific binding of LFA-1 or Mac-1 also triggers outside-in signaling in PMNs, leading to morphological change and cytoskeletal reorganization that are crucial for postadhesion functions such as cell spreading, polarization, and intraluminal crawling (Zhan et al., 2012; Robert et al., 2013) . To analyze the differential contributions of endothelial ligands to PMN spreading and polarization, we compared shear-induced morphological alteration of PMNs on distinct ligands (Figures 5 and 6 ). All ligands are able to enhance the spreading area of resting or fMLF-activated PMNs significantly at low (1 dyn/cm Table 3 ). (C) Lifetime as a function of applied force (points), obtained from the variance of rupture force distribution using Eq. 4. The fitted curves (lines) were obtained using Eq. 1. Measurements were acquired between LFA-1 (red squares and lines) or Mac-1 (blue circles and lines) and the indicated ligand with TS1/18 (closed points, solid lines) or Mn 2+ (open points, dashed lines).
To investigate the roles of different endothelial ligands in cell crawling, we next evaluated PMN crawling dynamics on various ligands (Supplemental Figure 5 ; Figure  7 ). Here crawling trajectories of resting or fMLF-activated PMNs are random at low shear stress (Supplemental Figure 5 , A, C, E, and G) and preferentially oriented along the direction of flow at high shear stress (Supplemental Figure 5, B, D, F, and H) . No significant difference in the x forward migration index (xFMI) is found after LFA-1 or Mac-1-blocking (Supplemental Figure 5 , E-H), suggesting that the impact of LFA-1/ Mac-1-ligand bonds on the directionality of PMN crawling along shear flow is not significant when the ligands are uniformly placed on a planar substrate.
Another key feature for cell crawling dynamics is crawling speed (Figure 7) . It is seen that, at low shear stress, ICAM-1 plays a more important role than other ligands in the crawling of resting PMNs by Mac-1-ICAM-1 bonds ( Figure 7A ). At high shear stress, however, LFA-1/Mac-1-JAM-C and LFA-1/Mac-1-ICAM-1 bonds speed up the crawling of resting ( Figure 7B ) and fMLF-activated ( Figure 7D ) PMNs, respectively. Mac-1-JAM-A bonds are also found to accelerate PMN crawling in some cases (Figure 7 , B and C). On one hand, these data confirm strong outside-in signaling through Mac-1-ligand bonds. On the other hand, they also imply the important role of bond strength in PMN crawling under high shear stress, since the mechanical strength of LFA-1-ICAM-1 and LFA-1/Mac-1-JAM-C bonds is highest among all LFA-1/Mac-1-ligand bonds.
Taken together, all ligands of LFA-1 or Mac-1 can trigger PMN spreading, polarization, and crawling in different degrees, and Mac-1 seems to induce outside-in signaling more effectively. Moreover, LFA-1-ICAM-1 and LFA-1/Mac-1-JAM-C bonds can accelerate PMN crawling under high shear stress due to their high mechanical strength.
DISCUSSION
Diversity of ligand-specific binding to β2 integrin complicates PMN recruitment on endothelium in distinct tissues. Little is known about how these multiple ligands regulate β2 integrin-mediated PMN adhesion and crawling under shear flow. In this study, we attempted to correlate the forces binding LFA-1 or Mac-1 to respective ligands with their biological phenotypes. High rupture forces of LFA-1/Mac-1-ligand bonds indicate long lifetimes, and high strength to support PMN adhesion under physiologicallike flow. Moreover, LFA-1/Mac-1-ligand bonds with high rupture forces might bring up intense outside-in signaling and play a dominant role in PMN spreading, polarization, and crawling under high shear stress.
Biophysical tests of ligand-specific binding of β2 integrins provide the bases for elucidating their biological functions. As summarized in Supplemental Table 4 , singlemolecule measurements of LFA-1/ICAM-1, and 7). This is not surprising for RAGE and JAM-C since they form stronger bonds with Mac-1 than LFA-1 ( Figure 3A ). Mac-1-JAM-A bonds are more effective in mediating resting PMN spreading and polarization ( Figures 5, A and B, and 6, A and B) possibly due to their higher bond strength than LFA-1-JAM-A bonds in a low affinity state ( Figure 3A ). For fMLF-activated PMNs (Figures 5, C and D, and 6, C and D), however, LFA-1 blocking enhances (but does not reduce) PMN spreading and polarization by creating more Mac-1-JAM-A bonds instead, although high-affinity LFA-1-JAM-A bonds are stronger than high-affinity Mac-1-JAM-A bonds ( Figure 3A ). For ICAM-1 and ICAM-2, the importance of LFA-1 is only increased after fMLF activation (Figures 5, C and D, and 6, C and D) or under high shear stress ( Figures 5, B and D, and 6, B and D), which may be attributed to the higher bond strength and more valid activation than for Mac-1 ( Figure 3A ). These data indicate that, although stronger bonds may enhance outside-in signaling slightly, Mac-1-ligand bonds are more effective in inducing PMN spreading and polarization.
FIGURE 4: Adhesion of PMNs to respective ligands in a parallel flow chamber test. Adherent resting (A) or fMLF-activated (B) PMNs pretreated with isotype control (black bars) or LFA-1 (red bars)/Mac-1 (blue bars) blocking mAbs on respective ligand-coated substrates after being perfused into the flow chamber and incubated for 5 min without flow. Data are presented as the mean ± SEM of five to nine independent experiments and analyzed with two-way ANOVA (followed by a Holm-Sidak test). Significant differences are indicated by *, p < 0.05; **, p < 0.01; ***, p < 0.001 among various ligands, by forces for LFA-1/ICAM-2 bonds remain unchanged in these two loading regimes (Wojcikiewicz et al., 2006) . Thus, the loading rates used and rupture forces obtained in the current study are comparable to those for the fast loading regime in the literature (Supplemental Table 4 ). The reason we did not perform measurements at loading rates <3171 pN/s is mainly concern with physiological flow and stress. PMN recruitment usually occurs at postcapillary venules, where the shear stress is measured to be 1-10 dyn/cm 2 (Heisig, 1968) , and therefore the force (= 32τ w r 2 ) applied to PMNs by physiological shear flow is 120-1200 pN (radius r is calculated as 6 μm) (McEver and Zhu, 2010) . The rupture forces obtained in the slow loading regime are usually less than 100 pN, which seems to be less physiologically relevant, especially when we are focusing on linking bond mechanical strength with PMN adhesion and migration. More importantly, our measurements presented the first sets of forced dissociation data for JAM and RAGE ligands, which provide a global picture for endothelial ligands in the distinct ligandspecific binding of β2 integrins.
Bond lifetime is another regulating factor for ligand-specific β2 integrin bindings. The lifetimes of LFA-1/ICAM-1 bonds measured by biomembrane force probe (BFP) first increase (catch bonds) and then decrease (slip bonds) with increasing forces (Chen et al., , 2012 . Those catch bond features only exist at low forces (<15 pN) and are not observed at rupture forces >15 pN in previous BFP studies Kinoshita et al., 2010) . In this study, we transformed the rupture forces measured in AFM experiments at a constant pulling speed into force-dependent lifetimes by two methods (Figure 3 , B and C). Since the collected rupture forces are all above 100 pN, which are considered to be more physiologically relevant tor PMNs, as aforementioned, the lifetimes exhibit slip bond features in all cases ( Figure 3 , B and C). In contrast to those in the literature (Chen et al., , 2012 , our data specified the biomechanical features of distinct β2 integrin-ligand bonds and implied different phenotypes of various endothelial ligands at given high loading rates with the majority of single bonds. Evidently, examining the effects of distinct ligands on bond rupture forces in the catchbond regime is biophysically meaningful in future work. Bond rupture force and lifetime are determined by the conformations and valencies of molecular pairs of interest. As a typical allosterically inhibitory mAb to β2 integrins, TS1/18 is reported to bind to βI residues on the α1-and α7-helices and stable low affinity conformations of LFA-1 and Mac-1 (Xie, Zhu, et al., 2010) . Metal ions such as Mn 2+ and Mg 2+ are known to increase integrin affinity by replacing Ca 2+ at the LIMBS (ligand-induced metal ion LFA-1/ICAM-2, or Mac-1/ICAM-1 interactions have been conducted extensively by AFM studies (Zhang et al., 2002; Wojcikiewicz et al., 2006; Yang et al., 2007) . A fast (7000-60,000 pN/s) and a slow (50-7000 pN/s) linear loading regime are separately observed in the dynamic force spectra of LFA-1/ICAM-1 and LFA-1/ICAM-2 bonds, which supports the existence of two energy barriers (Zhang et al., 2002; Wojcikiewicz et al., 2006) . Here we performed the measurements at loading rates ranging from 3171 to 114,852 pN/s and uncovered a single linear regime in this range, which is similar to results of previous tests of Mac-1/ICAM-1 interactions in the loading rate range of 100-10,000 pN/s . Our data also support the previous observations of LFA-1 binding, since the known facts of high rupture forces for LFA-1/ICAM-1 bonds but low ( Figure 1, D and E) , and the bond strength of Mac-1-RAGE interactions is much higher than for LFA-1-RAGE, especially after Mn 2+ activation ( Figure 3A) . In shear-induced cell adhesion tests, Mac-1s appear to dominate PMN adhesion on immobilized RAGEs, supporting in vivo observations qualitatively (Chavakis et al., 2003; Frommhold et al., 2010; Buschmann et al., 2014) . Mac-1-RAGE bonds also induce effective PMN spreading and polarization under shear flow, particularly after fMLF activation, suggesting strong outside-in signaling (Figures 5-7) . LFA-1-RAGE bonds affect adhesion ( Figure 4A ) and spreading ( Figure 5B ) of resting PMNs only slightly, which is consistent with their low rupture forces ( Figure 3A) . These findings are specifically meaningful for Mac-1s due to their complicated functionality of binding to quite diverse ligands.
JAM-A and JAM-C serve as another ligand family of β2 integrins specific for LFA-1 and Mac-1, respectively. They are mainly localized at endothelial junctions and have been shown to play a role in PMN transmigration (Ostermann et al., 2002; Chavakis et al., 2004; Aurrand-Lions et al., 2005; Sircar et al., 2007) . A combination of the inflammatory cytokines TNF-α and IFN-γ can induce the redistribution of JAM-As to the endothelial apical surface (Ozaki et al., 1999) , which strengthens the adhesion mediated by LFA-1-JAM-A binding (Ostermann et al., 2002) . Although JAM-C is independent in PMN adhesion on HUVECs under shear flow in vitro (Sircar et al., 2007) , it is involved in PMN adhesion on IL-1β-stimulated cremasteric venules in vivo (Aurrand-Lions et al., 2005) . Here we find that both LFA-1 and Mac-1 can bind to JAM-A and JAM-C specifically ( Figure  1, D and E) . On one hand, the Mac-1-JAM-A bonds are stronger than LFA-1-JAM-A bonds in the low-affinity state and weaker in the high-affinity state (Figure 3) . Moreover, Mac-1s dominate PMN adhesion, spreading, polarization, and crawling on JAM-A in current work (Figures 4-7) , which seems inconsistent with previous observations (Ostermann et al., 2002) displaying LFA-1-but not Mac-1-transfected J-β2.7 cell adhesion on CHO cells. Noting that the adhesion frequency was quite low in the literature (2% for Mac-1 and 4% for LFA-1), it is hard to make a direct comparison for drawing reliable conclusion. LFA-1-JAM-A bonds are not effective in mediating PMN adhesion in current work, which is also consistent with previous work (Ostermann et al., 2002) . On the other hand, the mechanical strength of Mac-1-JAM-C bonds is especially high for mediating PMN adhesion, spreading, polarization, and crawling (Figures 3-7) , while the LFA-1-JAM-C bonds are not effective in maintaining PMN adhesion (Figure 4 ) due to their lower bond strength ( Figure 3A) , confirming the independence of LFA-1s on JAM-C-mediated adhesion in previous works (Sircar et al., 2007) . Thus, our data on PMN adhesion mediated by JAM-As and JAM-Cs are at least partially consistent with those previous observations. Collectively, our results quantified the respective contributions of diverse ligands of β2 integrins in bond mechanical strength and PMN recruitment. All ligands are able to induce PMN adhesion, spreading, polarization, and crawling in different degrees. LFA-1s and Mac-1s play dominant roles for specified ligands. Moreover, these LFA-1-and Mac-1-specific functions are related to high rupture forces of receptor-ligand interactions. This work links mechanical strength of LFA-1/Mac-1-ligand bonds to their biological functions, which provides insight into the ligand-specific mechanisms of PMN recruitment.
MATERIALS AND METHODS
Antibodies and reagents
Recombinant human LFA-1 (CD11a/CD18) or Mac-1 (CD11b/ CD18), soluble human ICAM-1, ICAM-2, RAGE, JAM-A, and JAM-C with IgG Fc chimeras, and mouse LFA-1, Mac-1, and ICAM-1 were binding site) and ADMIDAS (adjacent to metal ion dependent adhesion site) of the β I-like domain (Chen et al., 2003; Mould et al., 2003) . Mn 2+ activation-induced augment of rupture forces and prolongation of lifetimes are found in all β2 integrin-ligand bonds in comparison with TS1/18 binding groups (Figure 3 ; Supplemental Table 2 ), which are similarly observed in previous AFM and BFP studies (Zhang et al., 2002; Wojcikiewicz et al., 2006; Yang et al., 2007; Evans et al., 2010; Kinoshita et al., 2010; Chen et al., 2012) . Meanwhile, the ligands used in this work are all dimeric proteins with immunoglobulin G (IgG)-Fc chimeras. ICAM-1 dimerization appears to augment its binding to LFA-1 (Miller et al., 1995; Reilly et al., 1995) and facilitate the presentation of the binding site in the D1 domain . Since the majority of adhesive events are dominated by single bonds and only the rupture forces and lifetimes for those single bonds were analyzed, the dimerization of ligands is not likely to overturn the conclusions drawn from the current tests.
Different β2 integrin ligands present distinct functions in PMN recruitment. ICAM-1 and ICAM-2, common for both LFA-1 and Mac-1, are the most important and widely tested ligands. Our previous work found that the binding affinity for LFA-1-ICAM-1 complexes is much higher than that for Mac-1-ICAM-1 complexes, mainly due to the highly enhanced on-rate (Li et al., 2013) . Here we further demonstrate that the mechanical strength of LFA-1-ICAM-1/ ICAM-2 bonds is also much higher than that of Mac-1-ICAM-1/ ICAM-2 bonds ( Figure 3A) , so that LFA-1-ICAM-1/ICAM-2 (but not Mac-1-ICAM-1/ICAM-2) binding mainly contributes to maintaining PMN adhesion, especially after fMLF-activation (Figure 4) . LFA-1-ICAM-2 bonds are less resistant to applied forces than LFA-1-ICAM-1 bonds (Supplemental Figure 1) , which is consonant with previous work measured by AFM (Wojcikiewicz et al., 2006) , but they are still effective in mediating adhesion (Figure 4) . Meanwhile, ICAM-1s and ICAM-2s can promote or restrict PMN crawling. ICAM-1-or ICAM-2-knockout (KO) reduces MIP-2-or IL-1β-induced PMN crawling speed in vivo, respectively (Robert et al., 2013; Halai et al., 2014) . In contrast, PMN movement is accelerated along the flow direction on LPS-stimulated ICAM-1-KO brain microvascular endothelial cells under flow in vitro (Gorina et al., 2014) . Under static in vitro conditions, PMNs exhibit randomized crawling on ICAM-1-or ICAM-2-coated surfaces and depress crawling speed and distance by Mac-1 blocking (Halai et al., 2014) . Evidently, diverse functionality of these ligands in PMN crawling is closely related to physiological shear stress. In this work, the role of ICAM-1 but not ICAM-2 in accelerating PMN crawling is observed under physiological-like flow (Figure 7 ). Crawling trajectories are random at low shear stress and directed along the flow direction at high shear stress (Supplemental Figure 5 ). In addition to those Mac-1-ICAM-1 bonds found to dominate PMN crawling in previous works (Menezes et al., 2009; Robert et al., 2013) , LFA-1-ICAM-1 interactions are also found to speed up the crawling of fMLF-activated PMNs under high shear flow ( Figure  7D ), which may be related to the strong bond strength of high-affinity LFA-1-ICAM-1 (Figure 3; Supplemental Figure 1 ). ICAM-1s and ICAM-2s can also enhance PMN spreading and polarization ( Figures  5 and 6 ), which is consistent with previous work (Gorina et al., 2014) .
RAGE is identified as a counterligand specific for Mac-1 and engaged in leukocyte recruitment to peritoneum in a thioglycollate-induced acute inflammation model (Chavakis et al., 2003) . It regulates leukocyte adhesion with effectiveness equal to that of ICAM-1 in preterm and term infants (Buschmann et al., 2014) . Mac-1-RAGE and LFA-1-ICAM-1 interactions also cooperate in mediating traumainduced leukocyte adhesion and crawling in cremaster muscle venules (Frommhold et al., 2010) . In this study, RAGE is found to be a common ligand for LFA-1 and Mac-1 from molecular mechanics tests (Figure 1, A and B ; Lü et al., 2006) . The ligand-coated dish was placed on the AFM stage, while an LFA-1-or Mac-1-captured cantilever was repeatedly driven by a piezoelectric translator (PZT) to approach the substrate of the dish, to make contact to allow reversible bond formation and dissociation, and to retract to detect the presence of adhesive event(s) from the force-displacement curves ( Figure 1C ). The rupture force of the β2 integrin-ligand bond was obtained from the deflection of the cantilever reflecting a laser beam focused on the largest triangular cantilever ("C" cantilever 320 μm long and 22 μm wide) into the position of a sensitive quad photodetector (QPD) ( Figure 1A ). The cantilever deflection was converted to a bond force using the cantilever spring constant, which was experimentally determined using thermal fluctuation analysis and proved to be consistent with the nominal value of 0.01 N/m specified by the manufacturer. AFM measurements were acquired at a cantilever approach velocity of 1 μm/s, a contact duration of 50 ms, a compression force of 200 pN, and a retraction velocity ranging from 0. ), three or four independent experiments with different AFM tips were conducted at 5-10 different locations on each dish. Fifty to one hundred cycles were tested at each location to collect a set of adhesion events and rupture forces. The rupture force, f r , was determined from the peak force for single rupture events ( Figure 1C ). The system spring constant, k s , was derived from the slope of the force-displacement trajectory just before each rupture event ( Figure 1C) . The loading rate, r f , was estimated by multiplying the system spring constant by the retraction velocity. According to the Bell model, the off-rate, k off , is assumed to follow an exponential function of applied force, F (Bell, 1978) :
Here τ is the bond lifetime, which is the reciprocal of the instantaneous off-rate k off , k B is the Boltzmann constant, T is the absolute temperature, k off 0 is the equilibrium off-rate, and a is the reactive compliance, which measures the width of the energy well that traps the interacting molecules in a bound state. Under conditions of constant loading rate, the probability density for the dissociation of a complex at force f is given by (Bell, 1978; Evans and Ritchie, 1997; Zhang et al., 2008) :
Dynamic force spectroscopy theory was used to predict the dependence of rupture forces on loading rates (Evans and Ritchie, 1997; Lü et al., 2006; Zhang et al., 2008) :
The rupture-force histograms measured at different loading rates were directly transformed into the force dependence of bond lifetime measurable in constant-force experiments as described by Dudko et al. (2008) . The lifetime is assumed to be a function of applied force equal to mean rupture force, obtained from the variance of rupture force distribution:
Here <•> denotes the mean value. , and 0.1% BSA and kept on ice until use. In some cases, the PMNs were incubated with 10 μg/ml isotype control or LFA-1/Mac-1 blocking mAbs at 4°C for 30 min or stimulated with 1 μM fMLF at 37°C for 20 min immediately before use. To detect the expression of LFA-1 or Mac-1, resting and fMLF-stimulated PMNs were incubated with 10 μg/ml FITC-labeled isotype control or respective specific mAbs at 4°C for 30 min. Washed PMNs were analyzed by FACSCanto II flow cytometer (BD Biosciences).
AFM functionalization
Soluble LFA-1s or Mac-1s and their respective ligands were coupled onto AFM tips and Petri dish surfaces as described (Zhang et al., 2002; Lü et al., 2006) . Briefly, soluble LFA-1s or Mac-1s were adsorbed onto a silicon nitride cantilever tip (MLCT; Bruker AFM Probes) by incubating the cantilever for 2 h at 37°C in a 100 μg/ml protein solution. After being washed and blocked by 1% BSA in DPBS for 1 h at 37°C, the cantilever was incubated in 20 μg/ml mAbs TS1/18 or 1 mM Mn 2+ for 1 h at 37°C to obtain low-or highconformation integrins, respectively. In some cases, the cantilever was washed three times and then incubated with 20 μg/ml isotype control or LFA-1/Mac-1 blocking mAbs for 1 h at 37°C. Separately, goat anti-human IgG Fc polyclonal antibodies were adsorbed onto a small spot on a 60-mm Petri dish for 2 h at 37°C in a 2 mg/ml or 200 μg/ml protein solution for AFM tests in either the TS1/18 or Mn 2+ group, except for the RAGE-Fc group in 20 μg/ml protein solution. The washed dish was blocked with 1% BSA in DPBS for 1 h at 37°C and rinsed three times. The dish was then incubated with 100 or 10 μg/ml ligand-Fc chimera for 1 h at 37°C. The cantilever and the dish were washed three times under the desired cationic condition, namely Ca PMN adhesion and crawling assay PMN adhesion and crawling were measured at 37°C in a parallel plate flow chamber (GlycoTech) connected to a PHD22/2000 syringe pump (Harvard Apparatus) and mounted on an inverted microscope (CKX41; Olympus) equipped with a charge-coupled device (CCD) camera. Resting or fMLF-activated PMNs (2 × 10 6 or 1 × 10 6 /ml) pretreated with isotype control or LFA-1-/Mac-1-blocking mAbs were perfused with Ca 2+ /Mg 2+ solution into the chamber and incubated for 5 min without flow. After nonadherent or weakly adherent PMNs were washed out at 1 dyn/cm 2 for 1 min, the number of adherent PMNs was recorded from 10 fields of view (FOVs) through a 10 ×/NA 0.25 objective using a CCD camera and counted using ImageJ software (National Institutes of Health). Aggregated adherent cells (<15%) were counted as one cell. PMN movement was then recorded sequentially every 15 s via a 20 ×/NA 0.4 objective for a total of 10 min at low (1 dyn/cm 2 ) and high shear stress (10 dyn/ cm 2 ). At the endpoint of either phase, the images of adherent PMNs were acquired from 10 FOVs and the shear-induced morphological alteration was analyzed using NIS-ELEMENT software (Nikon, Tokyo, Japan) to obtain their spreading area and elongation (= length/ width). Migration trajectories of individual PMNs presented within the FOV for ≥2.5 min were manually tracked and also analyzed using NIS-ELEMENT. The parameters crawling speed (in μm/min) and xFMI (= D x /D acc , where D x is the vectorial distance along the x-axis and D acc is the accumulated scalar distance of cell movement) were then quantified systematically.
Statistical analysis
Data are presented as the mean ± SEM. Significant differences among multiple groups were identified by one-way or two-way analysis of variance (ANOVA), followed by a Holm-Sidak test. Differences between any two groups were analyzed by the unpaired twotailed Student's t test or the Mann-Whitney rank sum test depending on the readouts of the normality test (Kolmogorov-Smirnov test) . P values less than 0.05 were considered statistically significant.
